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ABSTRACT: One of the recent challenges in Li-O2 battery technology is the cycle life, which can 13 
be severely shortened by cathode passivation induced by discharge product accumulation; this can be 14 
eliminated by reducing the amount of discharge products. Herein, we report a feasibility study on the 15 
development of a Ga-Sn liquid metal (LM) functionalized multi-walled carbon nanotubes (MWNTs) 16 
cathode. In a comparison of MWNT, LM, m-LM/MWNT (pre-mixed LM and MWNTs), and 17 
LM/MWNT (LM modified MWNTs) cathodes, morphology analysis showed that small Li2O2 flakes 18 
rather than large crystals grown on the conductive Ga-Sn LM and MWNTs of the LM/MWNT 19 
cathode only. The decomposition of the flaky Li2O2 on the LM/MWNT cathode occurred at lower 20 
charge overpotentials, resulting in low polarization; thus, the cathode passivation and the 21 
consumption of the Li anode were both alleviated during the cyclic process. The LM/MWNT 22 




Aprotic Li-O2 batteries (LOBs) are well known for their high theoretical specific energy density 27 
(11400 Wh kg-1), 1-2 which is significantly higher than those of Zn-air, aluminium ions, sodium ion 28 
and popular lithium-ion batteries. 3-6 However, challenges remain regarding the further application of 29 
LOBs, e.g., the poor cyclability induced by cathode passivation and electrolyte decomposition, fast 30 
Li depletion and safety concerns due to the corrosion and dendritic growth of Li.7-10 Considerable 31 
efforts have been devoted to the optimization/protection of Li anodes11-15 and electrolytes,16-18 aiming 32 
to extend the cycle life of LOBs. From the perspective of whole battery operation, the sluggish 33 
kinetics of the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) decreased the 34 
formation and decomposition of solid lithium peroxide (Li2O2) (2 Li+ + O2 + 2e
− ↔ Li2O2 , E0 =35 
2.96 V), 19 thus leading to many technical issues, i.e., cathode passivation with irreversible damage to 36 
the cathode associated with the capacity loss, accumulation of discharge products and by-products 37 
(LiOH and/or Li2CO3, etc.).20-22  38 
To optimize the OER kinetics, various catalysts, including noble metals, 23-26 transition metal 39 
oxides, 27-29 nitrides 30-32 and perovskites, 33-34 have been used. However, the severe accumulation of 40 
degraded Li2O2 at the Li2O2/electrode interface readily interrupts the reaction on the electrode. 19,35 41 
The residue then impedes the catalytic effect, increases the polarization of the battery and hinders the 42 
formation and decomposition of Li2O2 in the following cycles. It has been noted that small grains 43 
and amorphous Li2O2 exhibit higher decomposition rates than those of large crystals.35-36 Some 44 
catalysts, such as Co3O4 and Pd nanoparticles, are able to increase the decomposition efficiency by 45 
forming amorphous Li2O2.37 Nevertheless, some catalytically inactive particles are found to promote 46 
battery performance by tuning the Li2O2 morphology, e.g., the use of silica as a structural promoter 47 
to facilitate nanosized Li2O2 formation38 and NiO as a grain refiner to reduce the average size of 48 
Li2O2.39 However, their functions are often lost after a period of battery reaction, which are observed 49 
in association with the cladding of discharge products.  50 
Recently, liquid metal (LM)-enabled energy storage technology has attracted much attention 51 
due to its unique features, such as softness, deformability, high ductility and self-healing 52 
properties.40-42 Among these liquid metal candidates, gallium (Ga) stands out as a representative 53 
material for its low melting temperature of approximately 29 ℃, and indium (In) and/or tin (Sn) are 54 
usually introduced to adjust the melting point of Ga to fit the needs of different applications. 55 
Ga-based liquid metal-modified carbon has been widely used in Li-ion batteries and Li metal 56 
batteries to prevent anodes from cracking and pulverization.43-45 57 
Herein, we present a novel LOB cathode strategy based on Ga-Sn liquid metal (LM)-modified 58 
multi-walled carbon nanotubes (MWNTs) for alleviating cathode passivation. Benefitting from 59 
deformability and self-healing properties, LM can preserve its morphology during long-term cycling; 60 
moreover, it helps to reduce the Li2O2 size by changing the morphology. Small Li2O2 flakes were 61 
observed to grow on the mobile surface of conductive LM and also on the MWNTs, which promoted 62 
the decomposition of Li2O2, subsequently leading to significant enhancements in the rate 63 
performance and ultimate capacity and alleviating the depletion of the Li anode; thus, the cyclic 64 
stability of LOBs was improved. 65 
EXPERIMENTAL 66 
Gallium (Ga, 99.999%) and tin (Sn, 99.999%) were purchased from Shenyang Jiabei 67 
Commercial Trading Company. Multi-walled carbon nanotubes (MWNTs, outer diameter ~ 10 nm, L 68 
= 3-6 μm, Sigma-Aldrich), ethanol (>99.7%, AR, Sinopharm), dimethyl ether (DME, anhydrous, 69 
99.5%, Sigma-Aldrich), 3-sulfo-N-mercaptopropionamide (95%, Sigma-Aldrich), carbon paper 70 
(TORAY, TGP-H-060) and borosilicate glass fibre filter paper (GF, Whatman) were used as received. 71 
Prior to use, propylene carbonate (PC, anhydrous, 99.7%, Sigma-Aldrich) and dimethyl sulfoxide 72 
(DMSO, anhydrous, 99.9%, Sigma-Aldrich) were dehydrated with activated 4 Å molecular sieves, 73 
lithium perchlorate (LiClO4, 99.99%, Sigma-Aldrich) was dried at 160 ℃ in a vacuum oven for 12 h, 74 
and Li plates (Shenzhen Poxon Machinery Technology Co. Ltd.) were immersed in 0.1 M LiClO4/PC 75 
solution for at least 48 h. 76 
Functionalization of the MWNT cathodes. The liquid metal (LM) was prepared by melting 77 
2.27 g of Sn at 300 °C in a graphite crucible under an Ar atmosphere to alloy with 16.64 g of Ga. A 78 
total of 0.9 g of the as-prepared LM was added dropwise to 3.75 mL ethanol with 0.9 mg of 79 
3-sulfo-N-mercaptopropionamide, which was dispersed into small drops with probe ultrasonication. 80 
The mixture was saturated at room temperature for 3 h, and then the floating phase of the suspension 81 
was separated and dried at 80 °C for 10 h. Ten milligrams of the treated LM powder was added to 2 82 
mL ethanol, followed by mixing in an ultrasonic bath for 1 h. 83 
The LM-MWNT electrode was fabricated by adding 10 mg of MWNTs to 20 mL ethanol, 84 
followed by ultrasonic mixing for 30 minutes. The slurry was sprayed onto carbon paper with a 85 
loading of 0.1 mg cm-2. Then, 1 cm2 square pieces were cut off and dried overnight in a vacuum oven 86 
at 60 °C, and a pristine MWNT cathode was prepared. The LM-functionalized MWNT electrodes 87 
were prepared using three different methods for comparison: (1) Ga-Sn LM was directly dropped 88 
onto carbon paper at a loading of 0.2 mg cm-2, which was coded as LM; (2) MWNTs were pre-mixed 89 
with LM suspension during ultrasonic mixing, and then the mixture was sprayed onto carbon paper 90 
with a loading of 0.1 mg cm-2 MWNTs and 0.2 mg cm-2 LM, which was coded as m-LM/MWNT; (3) 91 
0.2 mg of LM suspension was dropped onto MWNTs (0.1 mg cm-2) on carbon paper (1 cm2) and 92 
then dried in a vacuum oven at 60 °C overnight, which was coded as LM/MWNT. An amount of 0.2 93 
mg of LM on the cathode (1 cm2) is the optimized value, and the details are presented in Fig. S5. 94 
Li-O2 battery assembly and measurement. The 2032 coin cell was assembled in an 95 
argon-filled glovebox (Mikrouna Co. Ltd., H2O < 0.1 ppm, O2 < 0.1 ppm), where the Li anode 96 
(diameter = 14 mm), separator and cathode were placed in sequence, followed by the addition of 100 97 
L of 1 M LiClO4/DMSO electrolyte. The cells were measured using a battery testing system 98 
(CT-3008W-5V10mA, Neware Technology Co. Ltd., China) in an oxygen atmosphere (≥99.9%, 1.1 99 
atm) with a potential window from 2.0 V to 4.5 V with a capacity of 0.1 mAh at current densities of 100 
0.1, 0.3 and 0.5 mA cm-2. 101 
In situ optical microscopic observation was carried out in a home-made electrochemical cell 102 
equipped with a quartz window, in which a copper plate covered by insulating coating was used to 103 
conduct current (0.5 mA) to a Ga-Sn LM drop cathode through a hole with a diameter of 0.5 mm, 104 
with a bare Cu electrode as the anode. O2 saturated 1 M LiClO4 in DMSO was employed as the 105 
electrolyte to immerse the both electrodes in the cell. The formation of discharge product on the LM 106 
drop was observed and recorded to study the discharge process on the mobile surface of LM. 107 
Characterization. The morphological information of the Ga-Sn LM cathode Li anode was 108 
determined using field-emission scanning electron microscopy and energy dispersive spectroscopy 109 
(SEM/EDS, S-4800, Hitachi) mapping methods. Structure measurements were carried out using an 110 
X-ray diffractometer (XRD, X’Pert PRO) equipped with Cu K radiation and a Raman spectrometer 111 
(Thermo Fisher Scientific DXR) with a 532-nm laser. 112 
RESULTS AND DISCUSSION 113 
Morphological and structural identification of LM functionalized cathode. Fig. 1a 114 
illustrates the procedure for Ga-Sn LM and the three types of cathodes. Sn is introduced to decrease 115 
the melting point of Ga, so the melting point of the Ga-Sn alloy (Ga: Sn = 88:12 by weight, 11.8:1 by 116 
atom) is approximately 20 °C according to the Ga-Sn phase diagram.43 At room temperature, the 117 
silver grey-coloured Ga-Sn LM presents high surface tension and fluidity (Fig. S1). The XRD 118 
spectrum (Fig. 1b) of the Ga-Sn LM (black line) exhibits a broad peak in the range of 29.6° ~ 49.7°, 119 
demonstrating a grain production region with short-range order, which is typical of liquid metal, and 120 
the diffraction peak at 35.2° assigned to Ga2O3 overlaps the broad peak. The chemical stability of the 121 
Ga-Sn LM is investigated after soaking it in electrolyte for 4 days, and the XRD spectrum (Fig. 1b, 122 
red line) is almost the same as that of the pristine Ga-Sn LM, demonstrating that Ga-Sn LM is stable 123 
in an electrolyte attributed to the protection of the Ga2O3 film on the surface. The effect of surface 124 
oxidation on electric conductance was investigated by measuring the LM with oxide film 125 
encapsulated in a homemade equipment (see Fig. S2), where the conductivity was tested as high as 126 
0.26× 107 S cm-1, which means that the formation of Ga2O3 film does not apparently decreases the 127 
electric conductivity of LM, possibly due to its thickness is low. 128 
We used a needle tip to make contact on surface of a LM droplet to study the deformability and 129 
recovery property of Ga-Sn LM shown in Fig.S3. Pristine Ga-Sn LM presents as sphere shape on the 130 
carbon paper (Fig.S3a, left), once the needle tip was used to contact the sphere surface, the contact 131 
tangent plane becomes flattened (Fig.S3a, middle), it recovers immediately after the needle was 132 
removed (Fig.S3a, right). Fig.S3b and Fig.S3c show the deformability and recovery property of 133 
Ga-Sn LM droplets fully covered by discharge products Li2O2 and LiOH, respectively. It can be seen 134 
that the deformation of covered Ga-Sn LM droplets has full recovery which is the same to the pure 135 
LM droplet. We also dried all droplets at 60 °C overnight, similar deformation and recovery 136 
phenomena still exist (Fig.S3d, S3e, S3f). These results indicate that Ga-Sn LM possess 137 
deformability and self-healing properties, which may recover from the deformation arisen at the 138 
discharging and charging process.     139 
Fig. 1c-1f shows the SEM observation results for the morphologies of all the as-prepared 140 
cathodes. Fig. 1c and Fig. 1d display the morphologies of the MWNT and LM cathode, in which the 141 
MWNTs and LM (including spheres and particles) are directly dispersed on carbon paper. For the 142 
m-LM/MWNT cathode (Fig. 1e), the LM particles are wrapped with MWNTs owing to the 143 
pre-mixing process before spraying onto carbon paper. Fig. 1f shows the morphology of the 144 
LM/MWNT cathode, where LM particles are dispersed on the MWNTs. EDS analysis of the 145 
LM/MWNT cathode is shown in Fig. 1g-k. The SEM image in EDS mode (Fig. 1g) presents bright 146 
particles corresponding to signals of Ga and Sn (Fig. 1i and 1j), which overlap, demonstrating that 147 
the particles contain Ga and Sn and disperse on the MWNTs (Fig. 1h). The particle size of the Ga-Sn 148 
LM ranges from 100 nm to 800 nm with an average of 210 nm (inset of Fig. 1g), and the atomic ratio 149 
of Ga:Sn is 13.9:1 (Fig. 1k), which agrees with the ratio of Ga and Sn during preparation. 150 
Electrochemical performance. The electrochemical performance of the MWNT and LM-based 151 
cathodes was assessed using cyclic voltammetry analysis. The assembled batteries with MWNT, LM, 152 
m-LM/MWNT, and LM/MWNT cathodes are tested in both Ar and O2 atmospheres. As shown in Fig. 153 
S4, there are no redox peaks in the Ar atmosphere (black lines). In the O2 atmosphere (red lines), 154 
MWNT, LM, m-LM/MWNT, and LM/MWNT cathodes show a peak of oxygen reduction reaction at 155 
approximately 2.46, 2.55, 2.39 and 2.46 V with currents of 0.37, 0.05, 0.21 and 0.40 mA, 156 
respectively. 157 
The cells were analyzed using galvanostatic charge/discharge tests at a capacity of 0.1 mAh and 158 
current density of 0.1 mA cm-2, and the performance of all the cells is displayed in Fig. 2. With 159 
MWNTs as the cathode (Fig. 2a), the cell’s charge potential (at 0.05 mAh) reaches 3.91 V with an 160 
overpotential gap of 1.28 V in the first cycle, which increases to 4.04 V (with an overpotential gap of 161 
1.42 V) at the 20th cycle and 4.2 V (with an overpotential gap of 1.51 V) at the 40th cycle, but the 162 
battery can only cycle for 50 times. The charge-discharge curves of the LM cell are shown in Fig. 2b. 163 
In the first cycle, the charge potential of LM is 3.94 V with an overpotential gap of 1.21 V, which is 164 
slightly lower than that of the MWNT cathode. Then, the charge potential increases to 4.05 V at the 165 
20th cycle with an overpotential of 1.31 V and further increases slowly up to the 98th cycle. With the 166 
m-LM/MWNT cathode (Fig. 2c), the charge potential of the first cycle is 3.65 V with a potential gap 167 
of 0.93 V, much lower than those of the MWNT and LM cathodes. Next, the charge potential 168 
increases to 3.84 V (with an overpotential gap of 1.08 V) at the 5th cycle and to 4.02 V (with an 169 
overpotential gap of 1.25 V) at the 20th cycle and then increases slowly to 4.10 V (with an 170 
overpotential gap of 1.38 V) at the 70th cycle. The battery with the m-LM/MWNT cathode can run 171 
for 119 cycles, which is much longer than the MWNT cathode. The cell with the LM/MWNT 172 
cathode presents a charge potential of 3.44 V at 0.05 mAh and an overpotential gap of 0.71 V, which 173 
are much lower than those of the other three cells. The charge potential of the LM/MWNT cathode is 174 
3.73 V (with an overpotential of 0.99 V) at the 5th cycle, 3.95 V (with an overpotential of 1.2 V) at 175 
the 20th cycle, and 4.15 V (with an overpotential of 1.45 V) at 120 cycles. The battery with 176 
LM/MWNT demonstrates the best performance of all tested cells, presenting the lowest overpotential 177 
of the cathodes at the same cycle number and the lowest degradation at 200 cycles. 178 
Fig. 2e-h shows the specific capacity, discharge and charge terminal potential as a function of 179 
the cycling process. The discharge terminal potentials (at 0.1 mAh) are maintained at approximately 180 
2.7 V for all four cells until failure; the main difference among these four cathodes is the charge 181 
terminal potential (at 0.1 mAh). For the MWNT (Fig. 2e), the terminal potential begins at 4.0 V, then 182 
increases quickly to 4.3 V at the 20th cycle and 4.5 V at the 40th cycle. The charge terminal potential 183 
of the LM cathode is initially slightly higher than 4.0 V, increases slower than the MWNT and 184 
reaches 4.5 V at the 90th cycle (Fig. 2f). For the m-LM/MWNT cathode (Fig. 2g), the initial terminal 185 
potential is approximately 3.8 V, then increases to 4.0 V at the 10th cycle, 4.2 V at the 94th cycle and 186 
4.5 V at the 119th cycle. The charge terminal potential of the LM/MWNT cathode is initially 187 
approximately 3.5 V, increases to 4.0 V at the 20th cycle and then slowly reaches 4.2 V at the 105th 188 
cycle and 4.5 V at the 200th cycle (Fig. 2h). Generally, the kinetics process of the Li electrode is 189 
rather simple; thus, the charge overpotential originates primarily from the oxidation of Li2O2 at the 190 
cathode. 46-48 Therefore, the Li2O2 formed at the LM/MWNT cathode tends to decompose more than 191 
those formed on other cathodes according to the lower charge overpotential. 192 
The rate performance of the cells at high charge-discharge current density was studied. At 0.1 193 
mA cm-2 (Fig. 2i), the cells with MWNT, LM, m-LM/MWNT, and LM/MWNT cathodes can run 50, 194 
98, 119 and 200 times, respectively. The cycle numbers trend downward to 30, 44, 86, and 138 195 
cycles at 0.3 mA cm-2 (Fig. 2j) and further drop to 25, 22, 50, and 102 cycles at 0.5 mA cm-2 (Fig. 2k). 196 
The full-discharge capacities (discharge to 2.0 V) of the MWNT, LM, m-LM/MWNT, and 197 
LM/MWNT cathodes are shown in Fig. 2l. For the MWNT and LM cathodes, the discharge curves 198 
show a short discharge plateau followed by a sharp decrease, and the discharge times are 2.9 h and 199 
1.9 h, with full-discharge capacities of 0.29 mAh (2900 mAh gMNWTs-1) and 0.19 mAh (950 mAh 200 
gLM-1), respectively. For the m-LM/MWNT and LM/MWNT cathodes, the discharge time is 201 
dramatically increased with a long discharge plateau. The discharge time of the m-LM/MWNT 202 
cathode is 17.3 h, with a full-discharge capacity of 1.73 mAh (5760 mAh gMNWTs+LM-1). The 203 
LM/MWNT cathode displays a discharge time of 21.4 h and a full-discharge capacity of 2.14 mAh 204 
(7133 mAh gMNWTs+LM-1). To understand how this discharge capacity is generated, we discharge the 205 
cell with the LM/MWNT cathode in an Ar atmosphere, of which the discharge potential decreases 206 
sharply without a plateau, displaying a discharge time of 0.45 h. The results suggest that the 207 
LM/MWNT cathode has the lowest overpotential, largest full-discharge capacity, and longest cycle 208 
life, and the presence of both MWNTs and LM at the reaction interface is essential for enhancing the 209 
battery performance, where the distribution of the LM on the MWNTs yields better performance than 210 
the wrapping of the LM with MWNTs. 211 
Cathode and anode appearance after battery discharge. The morphology and structure of 212 
the discharged products on the cathodes are characterized and are shown in Fig. 3. Precipitation of 213 
sheet-like and flower-like products can be observed on the MWNT cathode (Fig. 3a). On the LM 214 
cathode (Fig. 3b), the discharge products coated on the LM particles result in a rough surface. On the 215 
m-LM/MWNT cathode (Fig. 3c), similar to the MWNT cathode, sheet-like and flower-like products 216 
(insertion images) are observed on both the LM particles and MWNTs, which is due to the MWNTs 217 
wrapping over the LM, leading to surface properties similar to those of the pure MWNTs. The 218 
morphology of the discharge products on the LM/MWNT cathode is different from those on the 219 
MWNT, LM and m-LM/MWNT cathodes, where flakes with an average length of 105 nm and an 220 
average width of 55 nm are vertically attached to the large particles as well as to the MWNTs, as 221 
shown in the high-resolution image (insert). The Ga, Sn and O elemental maps (Fig. 3e) of the red 222 
frame in Fig. 3d demonstrate that the large particles are Ga-Sn LM and the O originating from the 223 
discharge products overlap with both the LM and MWNTs, which further demonstrates the discharge 224 
products growing on the LM and MWNTs.  225 
TEM image of pristine Ga-Sn LM presents a smooth surface (Fig. S6a), Li2O2 flakes can be 226 
observed after discharge process (Fig. S6b). HRTEM image displays that the surface deposit contains 227 
Ga2O3 (inset of Fig.S6c, region 1) with the lattice spacing of 0.29 nm corresponding to (-401) facet 228 
and Li2O2 (inset of Fig.S6c, region 2) with the interplanar spacing of 0.27 nm corresponding to (200) 229 
facet, and no Li2O2 crystal appears to grow on the Ga2O3 seed. The in situ optical observation further 230 
shows that the discharge products flow along the surface of Ga-Sn LM during discharge process 231 
when they become lager. This suggests that the mobility and high surface tension make the discharge 232 
products flow away and always leave LM surface available for the ORR and OER processes.  233 
It is also noticed that the incorporation of LM changes the morphology of discharge products in 234 
the Li-O2 cells. On the MWNTs surface, the discharge product appears as large Li2O2 crystals (the 235 
inset of Fig. 3a), and on the m-LM/MWNTs cathode flower-like crystals are also formed for the LM 236 
drops wrapped by MWNTs. On the LM/MWNTs cathode, small flaky Li2O2 are seen on LM drops 237 
and MWNTs. The ring current of RRDE polarization curves (Fig. S7, blue dot line) of the MWNT 238 
cathode indicates that the LiO2 is generated in ORR process, which diffuses into electrolyte and 239 
forms large Li2O2 crystals. For the LM/MWNT, the ring current of RRDE polarization curves (Fig. 240 
S7, red dot line) is higher than the one of MWNT, suggesting that more LiO2 is produced in the 241 
electrolyte, lead to small flaky Li2O2 since more Li2O2 nuclei are available. 242 
The structure of the discharge products was characterized by Raman spectroscopy, as shown in 243 
Fig. S8. For both the MWNT and LM/MWNT cathodes, the peaks at approximately 784 cm-1 are 244 
attributed to Li2O2,19 indicative of Li2O2 as a discharge product, and the peaks at 202 cm-1 , 252 cm-1 245 
and 336 cm-1 (red line) observed for the LM/MWNT cathode are attributed to Ga-Sn LM.47,48 XRD is 246 
also used to characterize the structure of the discharge products. As shown in Fig. 3f, the discharge 247 
products formed on the MWNT and LM/MWNT present five peaks at 32.9°, 35.0°, 40.6°, 47.4° and 248 
49.0°, corresponding to the (100), (101), (102), (004) and (103) facets of Li2O2, respectively. The 249 
chemical stability of the discharge products was also tested. The XRD spectrum of the LM/MWNT 250 
soaked in electrolyte for 4 days shows that the structure of the discharge products does not change, 251 
indicating that the discharge products are relatively stable in the electrolyte. These results 252 
demonstrate that the morphology and size of Li2O2 are influenced by the cathode structure, while the 253 
components of the discharge products remain unchanged. The LM/MWNT cathode promotes the 254 
formation of small-sized Li2O2, which may be the reason for the high battery performance. 255 
To investigate the LM influence on cathode passivation, the morphology evolution on the 256 
cathode surface of the LM/MWNT, as the optimum structure, was compared with that of the bare 257 
MWNT cathode. After 50 cycles, the MWNT cathode was completely covered with the discharge 258 
products (Fig. 3g), which indicates that the cathode passivation is severe. In contrast, after 50 cycles 259 
of the LM/MWNT cell, the bare MWNT is still visible together with the flaky discharge products 260 
(Fig. 3h). From SEM and EDS elemental mapping analyses (Fig. S9), it can be observed that the 261 
surface of the LM particles is smooth, which demonstrates that the discharge products on the LM are 262 
decomposed completely. Even after 200 cycles, as shown in Fig. 3i and Fig. S10, a smooth LM can 263 
still be observed on the LM/MWNT cathode, available for Li2O2 formation. The Ga-Sn LM 264 
morphology does not change during the discharge/charge cycling process, benefiting from the 265 
deformability and self-healing properties of LM. The evolution of the cathode demonstrates that the 266 
passivation on LM/MWNT is alleviated, which facilitates Li2O2 decomposition, especially along the 267 
Ga-Sn LM surface. The final products on the MWNT and LM/MWNT cathodes after cell failure 268 
were characterized by XRD. As shown in Fig. S11, both cathodes present peaks at 26.6°, 269 
54.8°attributing to MWNT, and peak at 32.5 corresponding to LiOH, respectively. 270 
Li anode corrosion may take place due to the decomposition of the electrolyte, which is caused 271 
by inhibited cathode passivation and suppressed charge/discharge polarization. The pristine Li anode 272 
shows a smooth surface with a thickness of 323 μm (Fig. 4a), and it completely crumbles to powder 273 
after only 50 cycles in the cell with the MWNT cathode (Fig. 4b). Nevertheless, in the cell with 274 
LM/MWNT as the cathode, the Li anode exhibits a relatively flat surface with a thickness of 275 
approximately 173 μm after 50 cycles (Fig. 4c), and the crumbling occurs after 200 cycles (Fig. 4d). 276 
The powders on the Li anodes were collected and characterized as LiOH by XRD in both cells with 277 
MWNT and LM/MWNT cathode (Fig. S12). The above results proved that the corrosion of the Li 278 
anode was alleviated by using Ga-Sn LM, possibly by reduced polarization. 279 
CONCLUSIONS 280 
We described a new high-performance Li-O2 cathode with Ga-Sn LM functionalized MWNTs. 281 
The results indicated that the incorporation of LM and MWNT (LM/MWNT) on the reaction 282 
interface is essential to achieve optimized battery performance. The LM/MWNT increases the 283 
full-discharge capacity to 2.14 mAh, which is nearly 7.4 times higher than that of the bare MWNT 284 
cathode. The LM/MWNT also promotes the decomposition of discharge products by inducing the 285 
formation of flaky Li2O2 that is smaller than the sheet/flower crystals formed on pristine MWNTs. 286 
Moreover, the corrosion of the Li anode is alleviated with the presence of Ga-Sn LM on the cathode. 287 
Thus, the LM/MWNT cathode can extend the cycle life to 200 cycles, which is much longer than that 288 
of MWNT (50 cycles). However, the morphological evolution of Li2O2 with the LM/MWNT cathode 289 
is not yet understood, and we will study this mechanism in the future. We hope this research inspires 290 
new ideas for cathode protection for the practical application of Li-O2 batteries. 291 
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Figure captions 462 
Figure 1 Illustration of the preparation of Ga-Sn LM and cathodes (a); XRD spectra of Ga-Sn LM 463 
(b); SEM images: pristine MWNT (c), LM (d), m-LM/MWNT (e) and LM/MWNT (f); EDS analysis: 464 
SEM image of LM/MWNT (inset: size distribution of Ga-Sn LM) (g), elemental mapping of image 465 
in red frame: C map (h), Ga map (i), and Sn map (j), and elemental analysis (k). 466 
Figure 2 (a-d) Charge-discharge curves of Li-O2 batteries: MWNT (a), LM (b), m-LM/MWNT (c) 467 
and LM/MWNT cathodes (d); (e-h) the specific capacities along with the discharge and charge 468 
terminal voltages against the cycle number: MWNT (e), LM (f), m-LM/MWNT (g), LM/MWNT (h); 469 
(i-k) rate performance of Li-O2 batteries at 0.1 mA cm-2 (i), 0.3 mA cm-2 (j) and 0.5 mA cm-2 (k); (l) 470 
full discharge plots of Li-O2 batteries with MWNT, LM, m-LM/MWNT, and LM/MWNT cathodes 471 
in the O2 atmosphere and the LM/MWNT cathode in the Ar atmosphere. 472 
Figure 3 SEM images of MWNT (a), LM (b), m-LM/MWNT (c), and LM/MWNT (d) cathodes after 473 
discharge, insets: high magnification images corresponding yellow frames; (e) Ga, Sn and O 474 
elemental maps corresponding to image in red frame; (f) XRD spectra of discharge products; SEM 475 
images of MWNT (g) and LM/MWNT (h) cathodes after 50 cycles, LM/MWNT cathode after 200 476 
cycles (i). 477 
Figure 4 SEM images of pristine Li (a) after 50 cycles (b), Li anode in the cell with LM/MWNT 478 
cathode after 50 (c) and 200 cycles (d), inset: the thickness of the corresponding Li anode. 479 
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